Both imperatoxin A (IpTx a ), a 33-residue peptide toxin from scorpion venom, and peptide A, derived from the II-III loop of dihydropyridine receptor (DHPR), interact specifically with the skeletal ryanodine receptor (RyR1), which is a Ca 2+ -release channel in the sarcoplasmic reticulum, but with considerably different affinities. IpTx a activates RyR1 with nanomolar affinity, whereas peptide A activates RyR1 at micromolar concentrations. To investigate the molecular basis for high-affinity activation of RyR1 by IpTx a , we have determined the NMR solution structure of IpTx a , and identified its functional surface by using alaninescanning analogues. A detailed comparison of the functional surface profiles for two peptide activators revealed that IpTx a exhibits a large functional surface area (approx. 1900 Å 2 , where 1 Å = 0.1 nm), based on a short double-stranded antiparallel β-sheet structure, while peptide A bears a much smaller functional surface area (approx. 800 Å 2 ), with the five consecutive basic residues (Arg 681 , Lys 682 , Arg 683 , Arg 684 and Lys 685 ) being clustered at the C-terminal end of the α-helix. The functional surface of IpTx a is composed of six essential residues (Leu 7 , Lys 22 , Arg 23 , Arg 24 , Arg 31 and Arg 33 ) and several other important residues (His 6 , Lys 8 , Arg 9 , Lys 11 , Lys 19 , Lys 20 , Gly 25 , Thr 26 , Asn 27 and Lys 30 ), indicating that amino acid residues involved in RyR1 activation make up over the half of the toxin molecule with the exception of cysteine residues. Taken together, these results suggest that the site where peptide A binds to RyR1 belongs to a subset of macrosites capable of being occupied by IpTx a , resulting in differing the affinity and the mode of activation.
INTRODUCTION
In cardiac and skeletal muscle, the ryanodine receptor (RyR) is a Ca 2+ -release channel in the sarcoplasmic reticulum (SR) and the dihydropyridine receptor (DHPR) is a voltage-gated Ltype Ca 2+ channel. These two receptors play central roles in the sarcolemma excitation-contraction (E-C) coupling that links an electrical stimulus (depolarization) to release of Ca 2+ from the SR [1] . Cardiac and skeletal muscles express different subtypes of DHPRs and RyRs, causing tissue-specific E-C coupling. In cardiac muscle, E-C coupling is induced by the entry of extracellular Ca 2+ through DHPR, whereas skeletal type E-C coupling requires a direct physical coupling between DHPR and RyR [2, 3] . Evidence supporting this physical coupling between skeletal DHPR and RyR1 (skeletal type RyR) includes successful co-immunoprecipitation [4] and identification of regions involved in the physical coupling between the two channels. Specifically, interactions have been observed between portions of the α 1 subunit of DHPR, including the II-III loop, the III-IV loop and the C-terminal segment, and the Arg 1076 -Asp 1112 region of RyR1 [5] [6] [7] [8] [9] [10] [11] [12] . It has been proposed that these interactions cause orthograde signalling from DHPR to RyR1 for activation of RyR1, and retrograde signalling from RyR1 to DHPR for RyR1-mediated enhancement of Ca 2+ current [11, 13] . Imperatoxin A (IpTx a ), a 33-amino-acid peptide from the venom of the scorpion, Pandinus imperator, was the first peptide Abbreviations used: ω-CTX, ω-conotoxin; DHPR, dihydropyridine receptor; DQF-COSY, double-quantum-filtered COSY; E-C, excitation-contraction; Fmoc, 9-fluorenylmethoxycarbonyl; HOHAHA, homonuclear Hartmann-Hahn; IpTx a , imperatoxin A; wIpTx a , wild-type IpTx a ; NOE, nuclear Overhauser effect; PEG, poly(ethylene glycol); RyR, ryanodine receptor; RMSD, root mean square difference; RyR1, skeletal RyR; SR, sarcoplasmic reticulum. 1 To whom correspondence should be addressed (e-mail jikim@kjist.ac.kr).
The co-ordinates of IpTx a have been deposited in the RCSB (Research Collaboratory for Structural Bioinformatics) Protein Data Bank under the accession code 1IE6.
toxin found to activate RyR1 with high potency and affinity, and it has been used in several biochemical and biophysical studies related to the E-C coupling [14, 15] . Interestingly, it has been suggested that IpTx a activates RyR1 by mimicking a domain of DHPR that is critical for triggering Ca 2+ release. Using synthetic peptides corresponding to small segments of the II-III loop in skeletal DHPR, El-Hayek et al. [7] found that only the N-terminal portion (peptide A; Thr 671 -Leu 690 ) was capable of activating RyR1, and subsequently identified a ten-residue active region (Arg 681 -Leu 690 ) [16] . In addition, Gurrola et al. [17] reported that a peptide A-containing segment (Glu 666 -Leu 690 ) might bind to the same RyR1 site as IpTx a , as shown by the results of competitive binding of 125 I-labelled IpTx a to the SR. This was additionally supported by the report that both peptides produced almost identical changes, with non-additive effects, in RyR1 gating characteristics [18] . Although these observations strongly suggested that IpTx a and peptide A share a common binding site on RyR1, the two peptide activators show very low sequence identity (approx. 18 %), very different molecular structures, and considerably different affinities in RyR1 activation. IpTx a activates RyR1 with nanomolar affinity, whereas peptide A activates RyR1 at micromolar concentrations [17] .
In order to examine the molecular basis by which two peptide activators, IpTx a and peptide A, act at a common site on RyR1 with different affinities, the present study reports the solution structure of IpTx a as determined by NMR spectroscopy and dynamic simulated annealing calculations, and we have combined this structural information with the results of [ 3 H]ryanodine binding assays using alanine-scanning analogues. On the basis of the structure-activity relationships for IpTx a , we propose that the peptide A-binding site on RyR1 belongs to a subset of macrosites capable of being occupied by IpTx a , resulting in the observed differences in RyR1 affinity and activation. Furthermore, a comparative structural analysis with the cone-snail ω-conotoxin MVIIC (ω-CTX-MVIIC), a neuronal P/Q-type calcium-channel blocker, revealed that the characteristic shape of charged surface rather than globular shape is important to the interaction with RyR1, thus providing a structural insight for the specific interaction mode of RyR1-targeting peptide effectors.
MATERIALS AND METHODS

Materials
Fmoc (9-fluorenylmethoxycarbonyl) amino acids and other reagents used for peptide synthesis were obtained from Applied Biosystems. Fmoc-preloaded resin was obtained from Watanabe Chemical Industries (Hiroshima, Japan). [ 3 H]ryanodine was obtained from NEN Life Science Products (Torrance, CA, U.S.A.). All other regents were of high-purity reagent grade from Sigma Chemical Co.
Peptide synthesis of wild-type IpTx a (wIpTx a ) and analogues
Peptide synthesis was conducted on an Applied Biosystems model 433A peptide synthesizer. The linear precursors of wIpTx a and alanine-scanning analogues were synthesized by solid-phase Fmoc chemistry starting from Fmoc-Arg(2,2,5,7,8-pentamethylchroman-6-sulphonyl)-Alko or Fmoc-Ala-Alko resin and using a variety of blocking groups for amino acid protection. After cleavage by trifluoroacetic acid, crude linear peptides were extracted with 2 M ethanoic acid, diluted to final peptide concentrations of 25 µM in a solution of 1 M ammonium acetate and 2.5 mM reduced/0.25 mM oxidized glutathione adjusted to pH 7.8 with aqueous NH 4 OH, and stirred slowly at 4
• C for 2-3 days. The folding reactions were monitored by HPLC. The crude oxidized products were purified by successive chromatography with CM-cellulose CM-52 and preparative HPLC with C 18 silica columns. The purity of all analogues was confirmed by analytical HPLC and MALDI-TOF-MS (matrix-assisted laserdesorption ionization-time-of-flight MS) measurements.
CD measurements of wIpTx a and analogues CD spectra were measured on a JASCO J-750 spectropolarimeter in solution (0.01 M sodium phosphate in water, pH 7.0) at 20
• C with a quartz cell of path length 1 mm. The spectra were expressed as molecular ellipticity [θ ] 
NMR measurements of wIpTx a NMR spectra were recorded on a Bruker DRX 600 spectrometer. All two-dimensional NMR experiments {i.e. DQF-COSY (double-quantum-filtered COSY) [19] , E-COSY (exclusive COSY) [20] , HOHAHA (homonuclear Hartmann-Hahn) [21] and NOESY [22] } were performed with standard pulse sequences and phase cycling. HOHAHA spectra were recorded with mixing times of 60 and 80 ms. NOESY spectra were recorded with mixing times of 100, 200 and 300 ms. In all experiments, 512 increments of 2048 data points were recorded with 64-128 transients and were zero-filled once along the t 1 dimension. A complete set of the two-dimensional spectra was recorded at 27 • C (pH 3.4). Synthesized wIpTx a (a final concentration of 5 mM) was dissolved in 0.2 ml of water containing 2 H 2 O at 10 % (v/v) or 99.9 % (v/v). Spectra were processed and analysed with Bruker XWIN-NMR software.
Structure calculations of wIpTx a
Observed NOE (nuclear Overhauser effect) data were classified into four distance ranges, 1.8-2.7, 1.8-3.5, 1.8-5.0 and 1.8-6.0 Å (1Å = 0.1 nm), corresponding to strong, medium, weak and very weak NOE values respectively. Pseudo-atoms were used for the methyl protons or the non-stereospecifically assigned methylene protons [23] . Correcting factors for the use of pseudo-atoms were added to the distance constraints. In addition, 0.5 Å was added to the distance constraints involving methyl protons [24] . For each disulphide bond, three distance constraints,
, were used with target values set to 2.02(+ − 0.02), 2.99(+ − 0.5) and 2.99(+ − 0.5) Å respectively [25] .
All calculations were performed using the X-PLOR 3.1 program [26] running on a SGI O2 workstation. Three-dimensional structures were calculated on the basis of distance and torsion angle constraints experimentally derived with dynamic simulated annealing protocols. The 20 best structures were chosen for structural analysis, based on the X-PLOR energy and best fit. The structures were analysed with the PROCHECK-NMR [27] and PROMITIF [28] software packages. Structural figures were generated with the MOLMOL program [29] and the INSIGHT II 2000 program (Accelrys Inc.).
Isolation of SR vesicles
A heavy fraction of SR was prepared from rabbit back and leg fast twitch muscles with a modification of the previously described method [30] . Briefly, about 150 g of muscle was homogenized in a Waring blender with 4 vol. of 2.5 mM NaOH for six bursts of 20 s at intervals of 3 min. During the homogenization, the pH was adjusted to 6.8 with NaOH. The suspension was centrifuged at 10 000 g for 3 min in a No. 9 rotor in a Hanil Supra22K centrifuge. The supernatant was filtered through eight layers of cheesecloth and then through Whatman filter paper (No. 4). After re-adjusting the pH to 6.8, if necessary, the filtrate was centrifuged again at 17 000 g for 30 min in the above apparatus. The pellets were suspended in the final buffer consisting of 0.15 M KCl, 20 mM Mops (pH 6.8) and 0.3 M sucrose in the presence of the following protease inhibitors: pepstatin (1 µM), leupeptin (1 µM), PMSF (100 µM) and trypsin inhibitor (1 µM). The suspension was centrifuged again at 17 000 g for 30 min in a No. 7 rotor in a Hanil Supra22K centrifuge. The pellets were resuspended in the same final buffer and the final protein concentration was determined by the Bradford method [30a] using BSA as the standard. The obtained SR was quickly frozen in liquid N 2 and then stored at − 70
• C until use. PEG, 1 mM EDTA and 50 mM Tris, pH 7.3) was added to each vial and was incubated for 5 min at room temperature (25
• C). Precipitated protein was sedimented for 5 min at 12 000 g using an Eppendorf microcentrifuge, and the pellets were rinsed twice with 0.6 ml of the relevant ryanodine-binding buffer without radioactive ryanodine. The pellets were then solubilized in 100 µl of Soluene 350 (Packard) at 70
• C for 30 min, after which 4 ml of cocktail [Picofluor (Packard)] was added and the radioactivity was measured by liquid scintillation [32] . To minimize non-specific binding, 100-fold of non-radioactive ryanodine (Calbiochem) was included. 
Statistical analysis
Results are given as means + − S.E.M. with the number of experiments. The S.E.M. is included within the Figure legends or indicated by error bars. Individual activation curves of RyR1 by wIpTx a and analogues were fitted with the Hill equation using the Origin 4.1 software package (RockWare, Golden, CO, U.S.A.).
RESULTS AND DISCUSSION
Synthesis of wIpTx a and analogues
Linear precursors of wIpTx a and its alanine-scanning analogues were assembled by solid-phase methodology. The crude linear precursors were air-oxidized, and the properly folded products were purified by ion-exchange chromatography and reversephase HPLC (1-4 % yield from the starting resin). CD spectra showed that secondary structures of all analogues, including L7A (Leu 7 → Ala), K22A (Lys 22 → Ala), R23A (Arg 23 → Ala), R24A (Arg 24 → Ala), R31A (Arg 31 → Ala) and R33A (Arg 33 → Ala), were similar to that of wIpTx a (Figure 1) . Exceptionally, the linear analogue (Ala 3, 10, 16, 17, 21, 32 )IpTx a , which simultaneously replaced all six cysteine residues with alanine residues, showed a random conformation with a large negative Cotton effect (around 198 nm), indicating that the three intramolecular disulphide bonds in wIpTx a play an important role in maintaining its overall structure.
Structure calculations of wIpTx a
Complete proton assignments of all 33 amino acids in synthetic wIpTx a were determined using traditional two-dimensional NMR sequential assignment techniques [33] . Identification of the amino acid spin system was based on scalar coupling patterns observed in DQF-COSY and HOHAHA experiments, complemented with the results of NOESY measurements. Figure 2 shows the NH-C α H 10 -helical turn (red and yellow) and disulphide bonds (numbered ball and stick in yellow). These Figures were generated using the MOLMOL program [29] . (C) Surface profile of wIpTx a . The molecular surface of wIpTx a is shown in colour according to the electrostatic potential (negatively charged amino acids are in red, positively charged amino acids are in blue, and uncharged or hydrophobic amino acids are in white). Residues D2, L7, K8, R9, K11, D13, D15, K22, R23, R24, E29, K30, R31 and R33 (single-letter amino acid codes) are indicated.
fingerprint region of the NOESY spectrum, containing sequential d αN (i,i + 1) connectivity.
For the structure calculation of wIpTx a , we used 473 distance constraints derived from the two-dimensional NOESY spectra, 25 dihedral angle constraints derived from the coupling constants and NOE measurements, 12 hydrogen-bond restraints derived from the hydrogen-deuterium exchange experiments † F NOE , F tor and F repel are the energies related to the NOE violations, the torsion angle violations and the van der Waals repulsion term respectively. The values of the force constants used for these terms are the standard values as depicted in the X-PLOR 3.1 manual. E L-J is the Lennard-Jones/van der Waals energy calculated with the CHARMm empirical energy function [56] . E L-J was not used in the dynamic simulated annealing calculations.
‡ The program PROCHECK-NMR was used to assess the stereochemical quality of the structures. 
Structure description of wIpTx a
Twenty structures with the lowest residual restraint violations were used to represent the three-dimensional structure of wIpTx a ( Figure 3A) . These structures have good non-bonded contacts as shown by low Lennard-Jones potential values, and a good covalent geometry, with only small deviations from the ideal bond lengths and bond angles (Table 1 ). There were no distance or dihedral angle restraint violations greater than 0.5 Å and 5
• respectively. Excluding the final two residues of the N-terminus (Gly 1 and Asp 2 ) and the loop region from Arg 24 to Glu 29 , both of which were poorly defined by the NMR data, the average root mean square difference (RMSD) for the final 20 structures with respect to the mean co-ordinate positions was 0.38 + − 0.08 Å for the backbone atoms and 1.46 + − 0.26 Å for all heavy atoms. Structural statistics for the 20 converged structures of wIpTx a are summarized in Table 1 .
The molecular structure of wIpTx a consists of two β-strands arranged in an antiparallel fashion, connected by four chain reversals ( Figure 3B) 10 helical turn and a type I β-turn respectively. Both of these are contained within the external long loop between the first turn and β-strand I. The final reversal occurs between residues Arg 24 and Glu 29 and serves to reverse the backbone between β-strands I and II, without showing the characteristic distance pattern of a tight reverse turn. In terms of RMSD, this loop is poorly defined and presents the highest degree of structural disorder in the cysteine-rich region ( Figure 3A) . The hydrophobic core of wIpTx a is entirely composed of the Cys 10 , Cys 16 , Cys 21 and Cys 32 side chains. The disulphide bond between Cys 10 and Cys 21 connects the second reversal to β-strand I, whereas the disulphide bonds between Cys 3 and Cys 17 and between Cys 16 and Cys 32 connect the third reversal to the Nterminus and β-strand II respectively ( Figure 3B ). This pattern of disulphide connectivity is topologically classified as an 'inhibitor cystine knot' fold [34, 35] , in which the disulphide bond between Cys 16 and Cys 32 penetrates through a 13-residue ring formed by the peptide backbone and the other two disulphide bonds. Similar topology is frequently found in numerous toxic and inhibitory peptides, including the ω-conotoxins, ω-agatoxins and various protease inhibitors [36] [37] [38] [39] [40] [41] [42] .
Structure-activity relationships of IpTx a
The biological activities of synthetic wIpTx a and its 26 analogues were determined by examining their effects on RyR1 in SR vesicles from rabbit skeletal muscle, using a [
3 H]ryanodinebinding assay. As shown in Figure 4 , synthetic wIpTx a efficiently increased specific Figure 4(A) . Interestingly, all analogues possessing alanine replacements for basic residues caused an apparent reduction of specific [ 3 H]ryanodine binding, whereas all analogues possessing alanine replacements for acidic residues showed slight increases of specific [ 3 H]ryanodine binding. In addition, the H6A (His 6 → Ala), L7A, G25A (Gly 25 → Ala), T26A (Thr 26 → Ala) and N27A (Asn 27 → Ala) analogues also showed decreased [ 3 H]ryanodine binding. These results suggest that a large surface area on IpTx a contributes to activating RyR1, and that the integrity of electrostatic potential, together with other additional factors, affects RyR1 activation.
In order to evaluate the residues essential to RyR1 activation in detail, we examined the dose-dependent activation by all synthetic IpTx a analogues further. The EC 50 values of all analogues are summarized in Table 2 Figure 4D ). In the case of acidic residues, alanine replacement resulted in slightly decreased EC 50 values, indicating that the negatively charged residues in IpTx a slightly obstruct the ability of the toxin molecule to activate RyR1. The CD spectral analyses showed that the conformations of the alanine-scanning analogues were almost identical with that of wIpTx a (Figure 1) , except for the single case of the linear analogue (Ala 3, 10, 16, 17, 21, 32 )IpTx a , which displayed completely abolished activity ( Figure 4D) .
Previously, Gurrola et al. [17] reported that the mutations of Arg 23 (R23E) and Thr 26 (T26A and T26E) in IpTx a decreased the capacity of IpTx a to activate RyR1, and suggested that in IpTx a , a cluster of basic residues (Lys 19 -Arg 24 ) followed by Thr 26 mimics the II-III loop of the DHPR α-subunit and is important for binding to RyR1. This agrees in part with our findings from analysis of analogues with alanine replacement of Arg 23 and Thr 26 . Through a series of dose-dependent experiments using a complete set of alanine-scanning analogues, however, we found that the most critical residues responsible for RyR1 activation (Arg 24 , Arg 31 and Arg 33 , together with residues Lys 22 and Arg 23 ) are located within the C-terminal region of IpTx a . In addition, Leu 7 is of great importance, as it serves as a hydrophobic partner in the specific interaction with RyR1 ( Figure 4D ). The three-dimensional IpTx a structure shows that these six essential residues, together with other several important residues (His 6 , Lys 8 Figure 5B ). This region forms a functional surface with a putative binding site that probably interacts with the RyR1 cytoplasmic region. Interestingly, the opposite site is rich in acidic residues (Asp 2 , Asp 13 , Asp 15 and Glu 29 ), and it forms a striking contrast with the positively charged functional surface ( Figure 3C ).
Structural comparisons with Mca and peptide A
In addition to IpTx a , another exogenous ligand derived from scorpion venom mimics the effect of peptide A on RyR1. Mca, a 33-mer peptide toxin isolated from the venom of Scorpio maurus, activates RyR1 and shares 82 % sequence identity with IpTx a [43] . As expected from this high degree of sequence identity, both scorpion toxins present a similar overall molecular fold in solution. Mosbah et al. [44] determined the NMR solution structure of Mca, showing that it consists of three β-strands and four chain reversals. This report suggested that the threedimensional surface of Mca has a unique charge distribution with a marked anisotropy that emerges from the molecule through its basic surface. Such a dipole moment is also observed in the surface profile of IpTx a ( Figure 3C ). IpTx a is the same length as Mca, and the two differ by only six amino acid residues: those at positions 9, 12, 13, 14, 18 and 28. Except for the Arg 9 residue, all residues of IpTx a that are important to RyR1 activation are well conserved in the primary and tertiary structures of Mca ( Figure 5B ), enclosing a slightly decreased functional surface area of approx. 1600 Å 2 . Thus it would be reasonable to expect both scorpion toxins to have a similar binding affinity for a common site on RyR1 that is important for skeletal muscle E-C coupling. However, it should be noted that these scorpion toxins have different levels of effect on RyR1 gating, which undergoes a reversible transition between subconductance and fast gating states. Although both toxins may share a binding site on RyR1, IpTx a and Mca induce subconductances that correspond to 28 % and 48 %, respectively, of the native full conductance at the positive holding potential [43, 45] . This result seems to imply that a small change in the local charge distribution, due to variation of six amino acids, may induce slightly different substates in toxin gating of RyR1.
A major structural difference between IpTx a and Mca is found near the N-terminus, where Mca forms an additive peripheral β-strand (residues 9-11) that participates in the triple-stranded β-sheet ( Figure 5A ), but the corresponding sequence of IpTx a consists of only a single residue (Cys 10 ) that is hydrogen-bonded to the central β-strand. Interestingly, the first residue (Leu 9 ) of β-strand I in Mca joins with the side-chains of Cys 10 , Cys 16 , Cys 21 and Cys 32 to form the molecule's hydrophobic core. In IpTx a , this residue is replaced by a positively charged arginine that plays a functional role in RyR1 activation. It is thus likely that some variations in amino acid sequences between IpTx a and Mca are to meet the structural and/or functional requirements of toxin molecules that evolve from different venomous sources.
In contrast, the solution conformation of the peptide A segment from the II-III loop of skeletal DHPR distinctly differs from that of IpTx a [46] . As shown in Figure 5 (A), the structure of peptide A consists of a helical segment extending from the N-terminus to residue Lys 685 , which is followed by a disordered region that extends through to the C-terminus. Despite this structural difference, these peptide activators show a distinct similarity in the spatial orientation of active residues necessary to target the common binding site on RyR1. It was previously reported that the peptide A-related segment (Glu 666 -Leu 690 ) might bind to the same site as IpTx a on RyR1 [17] . In terms of competitive binding, peptide A presents a basic surface profile with the five consecutive residues (Arg 681 -Lys 685 ) clustered at the C-terminal end of the α-helix, whereas IpTx a presents similar positively charged residues (Lys 22 , Arg 23 , Arg 24 , Arg 31 and Arg 33 ) aligned in a central region ( Figure 5B ). In both peptides, these basic surfaces are fully exposed to the solvent and present a characteristic shape that may be directly involved in the RyR1 activation important for skeletal muscle E-C coupling. Together, these observations may explain, at least in part, how IpTx a and peptide A compete for a common binding site on the RyR1 channel protein.
However, although both use a common binding site, the affinities of IpTx a and peptide A for RyR1 differ. IpTx a activates RyR1 with a high nanomolar affinity, whereas peptide A activates RyR1 with a lower micromolar affinity [17] . As summarized in Table 2 [47] .
Overall, these results suggest that the site where peptide A binds to RyR1 belongs to a subset of macrosites capable of being occupied by IpTx a , resulting in differing the affinity and the mode of activation. Voltage-gated Ca 2+ channels are classified into several subtypes, which include the L-, N-, P-, Q-, R-and T-subtypes, according to their electrophysiological and pharmacological properties [48] . ω-CTXs are highly potent blockers of voltage-gated Ca 2+ channels and are useful ligands for the pharmacological discrimination of Ca 2+ channel subtypes [49] . Extensive structure-activity studies have revealed that all ω-CTXs (e.g. ω-CTX-GVIA and -MVIIA, N-type Ca 2+ -channel blockers, and the ω-CTX-MVIIC, P/Q-type Ca 2+ -channel blocker) share significant structural similarity in three dimensions, but possess distinct functional sites responsible for the specific interaction with individual voltagegated Ca 2+ channel subtypes [50] [51] [52] [53] . The molecular architecture of the cone-snail ω-CTXs is entirely composed of an 'inhibitor cystine knot' fold constrained by three intramolecular disulphide bonds. This structure is also found in the RyR1-targeting scorpion toxins IpTx a and Mca, indicating that the ω-scaffold is a general molecular topology of exogenous toxins targeting the Ca 2+ channels.
Among ω-CTXs, ω-CTX-MVIIC is the most structurally similar to the scorpion RyR1 activators. As shown in Figure 6(A) , ω-CTX-MVIIC exhibits a highly basic structural surface that includes several positively charged amino acid residues. Although there is a high degree of structural similarity between IpTx a and ω-CTX-MVIIC, the two Ca 2+ -channel-targeting toxins show no cross-reactivity; IpTx a has no affinity for the P/Q-type Ca 2+ channel and ω-CTX-MVIIC has no affinity for the RyR1 [17] . This suggests that the two toxins form distinct functional sites responsible for the specific interaction with each channel protein [53] . The functionally important residues of IpTx a for the binding to RyR1 consist of five protruding basic residues (Lys 22 , Arg 23 , Arg 24 , Arg 31 and Arg 33 ) and one hydrophobic residue (Leu 7 ), with approx. ten additional residues assisting. In contrast, the functional residues for ω-CTX-MVIIC action on the P/Q-type Ca 2+ channel include three basic residues (Lys 2 , Lys 4 and Arg 22 ) and two polar residues (Thr 11 and Tyr 13 ) [53] , suggesting that IpTx a forms a larger functional surface than does ω-CTX-MVIIC. ω-CTX-MVIIC is shorter in length than IpTx a , and its positively charged surface area is also smaller than that of IpTx a , mainly due to fewer basic amino acids between the fifth cysteine and the C-terminus (three compared with six) ( Figure 6B ). In IpTx a , this region forms a long hairpin loop with an electropositive potential, incorporating β-strands I and II ( Figure 3B ). As previously mentioned, both IpTx a and peptide A share a necessary alignment of five basic residues that act at a common site on RyR1 (Figure 5B) . ω-CTX-MVIIC also possesses a similar basic structural region, consisting of five basic residues (Arg 9 , Lys 10 , Arg 22 , Arg 23 and Lys 25 ) ( Figure 6A ), but its shape is relatively different from that of both IpTx a and peptide A, resulting in a failure to activate RyR1. Taken together, these observations suggest that the correct distribution of surface charges is important to specific interaction with RyR1, rather than the globular structure maintained by the conserved disulphide framework. This may be one reason why ω-CTX-MVIIC does not compete for the same binding site as IpTx a and peptide A, thus providing structural and molecular insights into the specific interaction mode of RyR1-targeting peptide effectors.
Conclusion
In the present study, we have determined the NMR solution structure of the peptide activator IpTx a , and identified the functional surface that is responsible for its high-affinity interaction with RyR1. A detailed comparison between IpTx a and peptide A revealed that the existence of complementary surface profiles, created by different molecular scaffolds, is limited between the C-terminal β-sheet region of IpTx a and the α-helical end region of peptide A. Thus it seems that the site where peptide A binds to RyR1 belongs to a subset of the macrosites occupied by IpTx a , resulting in differing affinities and subconductance states. A comparative surface analysis with ω-CTX-MVIIC suggests that the characteristic shape of positively charged binding surface rather than globular shape is responsible for the specific interaction of RyR1-targeting peptide effectors. Taken together, these structural and functional studies on ryanodine-sensitive channel effectors, together with our knowledge of the three-dimensional structure of DHPR and RyR1 obtained previously by cryoelectron microscopy and image processes [54, 55] , open up a new avenue for the elucidation of the molecular details of skeletal type E-C coupling.
